at the P site tRNA from the E site. A new round of the elongation (Rodnina and Wintermeyer, 1995) , in the pretranslocacycle then begins with reoccupation of the A site by an tional state ("monosome-AP"). Both of the reconstrucaminoacyl tRNA.
tions showed an overall morphology very similar to that One of the most powerful current methods for studyof vacant ribosomes (Stark et al., 1995) , with the result ing the structure of complex particles such as the ribothat the additional density corresponding to the bound some is the technique of electron cryomicroscopy (Chiu, tRNA molecules could be assigned to the appropriate 1986; Dubochet et al., 1988) combined with single particle processing and angular reconstitution (cf. van Heel, tRNA sites.
are shown in Figure 2 . It is clear that for our imaging conditions the CTF-corrected structure ( Figure 2B ) does not differ from the uncorrected one ( Figure 2A ) with regard to the pattern of large bridges and channels within the ribosomal subunits (cf. Yonath and Berkovitch-Yellin, 1993) , and the observed changes (arrowed in Figure 2 ) are minimal. Indeed, some of the smaller details such as the bridges and intersubunit connections are more clearly delineated at the chosen threshold level (containing ‫5.2ف‬ MDa) without the CTF correction. Accordingly, the figures in the following sections are displayed without CTF-correction.
The Disome-PE 3-D Reconstruction
The reconstruction from the posttranslocational disome-PE preparation, although calculated at a slightly better resolution (21 Å ), shows a high degree of similarity to the earlier reconstructions of vacant 70S ribosomes (Frank et al., 1995; Stark et al., 1995) , and three views of the disome-PE reconstruction, indicating the various similar to the 50S subunit of vacant 70S ribosomes. The L7/L12 stalk was again seen to be folded inward in Results the new map, thus further supporting the idea that the classical extended stalk (e.g., Oakes et al., 1986 ; Stö ffler The Posttranslocational Ribosome Carrying and Stö ffler-Meilicke, 1986) may be an artifact of the P-and E-Site tRNAs (Disome-PE) negative-staining specimen preparation technique. It is Polysomes were extracted from E. coli cells harvested also noteworthy that the protrusion extending from the during exponential growth and were separated by su-50S subunit toward the 30S subunit that lies between the crose density gradient centrifugation; a typical gradient central protuberance and the L7/L12 stalk, and which we profile is illustrated in Figure 1 . The disome fraction of now name the "A-site finger," is present in both 3-D the polysomes is the most suitable for electron microsreconstructions. copy, since in this fraction the overlap of neighboring However, some significant differences do exist in ribosomes in the micrographs is minimized. At the same other parts of the map. In particular, the "toe" in the time, the disomes are the smallest assemblies certain foot region of the 30S subunit (cf. Frank et al., 1995 ; to consist of actively translating ribosomes. It is known Stark et al., 1995) has now evolved into a pronounced that the majority of ribosomes in the polysome fraction cylindrical rod of density with clear boundaries and a are in the posttranslocational state (Remme et al., 1989) , diameter of ‫02ف‬ Å , and the "hook" at the back of the and in order to drive the remainder of the ribosomes head of the 30S subunit is much more pronounced. More into this state, the disome fraction ( Figure 1 ) was first connections between the 30S and 50S subunits in the pelleted and then treated with EF-G in the presence of disome-PE have appeared (Figure 3 ), and they make a GTP, as described in Experimental Procedures. more stable impression than the corresponding features Electron cryomicroscopy, followed by digitization of in the vacant ribosome reconstruction, since they do the micrographs and three-dimensional reconstruction, not change significantly during successive iterations of was performed within the context of the IMAGIC-5 image the refinement procedures (Schatz et al., 1995) . The processing system (van Heel et al., 1996) and followed bridge connecting the 50S central protuberance and the the procedures used in our earlier reconstruction of the 30S head in the translating ribosome was not visible in vacant 70S ribosome (Stark et al., 1995) . Additionally, the earlier reconstructions of the vacant ribosome (Stark we examined the effect of applying a contrast transfer et al., 1995) . Another new feature in both the posttranslofunction (CTF) correction (see Experimental Procedures) cational (shown here) and the pretranslocational riboto both the new and the previous reconstructions (Stark somes is a second bill-like protrusion emerging from et al., 1995). When low resolution zero crossings are the side of the head of the 30S subunit. The higher present within the data, such CTF corrections are an resolution in the map can in part be attributed to a absolute neccessity (Frank et al., 1995; Agrawal et al., greater homogeneity of the EF-G treated disome prepa-1996). Our micrographs, however, were recorded relaration, as compared to vacant ribosomes, which are tively close to focus, and both data sets were analyzed more likely to represent a mixture of conformations. to resolutions below the first zero of the CTF ‫81/1ف(‬ Å ).
Also, the extended connections between the disomeThus, no contrast reversals needed to be accounted for; PE subunits possibly create a mechanically stable nevertheless, explicit correction of the CTF does have structure. a slight influence on the appearance of the reconstructions. This influence is largely cosmetic and has the The Monosome-AP 3-D Reconstruction effect of somewhat enhancing the low spatial frequen-70S ribosomes were programmed with tRNA
Met f at the P cies. Reconstructions of 70S ribosomes from the disome-PE fraction, with and without the CTF correction, site and fMet-Phe-tRNA Phe at the A site in the presence of mRNA and initiation factors (see Experimental Procedensity corresponding to tRNA is present. Whereas the vacant ribosomes ( Figure 4B , cf. Stark et al., 1995) show dures); the extent of A-site occupancy was 95%. Electron cryomicroscopy and angular reconstitution were an empty space between the 30S and the 50S subunits, the disome-PE reconstruction ( Figure 4C ) has a wellperformed as for the disome-PE preparation and resulted in a reconstruction at 19 Å resolution. Apart from defined area of density joining the subunits. This corresponds to the P-site tRNA. In the monosome-AP reconthe presence of the A-site tRNA, the overall morphology of the monosome-AP reconstruction is very similar to struction ( Figure 4D ), there are two such areas of density, which clearly correspond to the A-and P-site tRNAs. that of the posttranslocational disome-PE. This similarity is particularly striking in view of the fact that the respecAs compared to the vacant ribosome ( Figure 4B ), there tive ribosome preparations were from two different labois additional density in both the disome-PE and the ratories. Some minor differences in the 30S subunit bemonosome-AP reconstructions ( Figures 4C and 4D ) in tween the pre-and posttranslocational ribosomes are, the area on the left side of the interface cavity, where however, apparent (cf. Figure 5B) . the E-site tRNA would be expected. This density most probably corresponds to ribosomal protein S1, which has been shown by immuno electron microscopy (WalLocations of the tRNA Molecules in the A, P, and E Sites leczek et al., 1990) to lie at the base of the side lobe of the 30S subunit; protein S1 is absent in the preparation Figure 4 depicts horizontal sections through the various 3-D reconstructions at the level ( Figure 4A ) where the of vacant ribosomes, as, here, salt-washed ribosomes were used (Stark et al., 1995) . However, comparison of the monosome-AP should give a density-difference map corresponding to the A-site tRNA (cf. Figures 4C and Figures 4C and 4D shows that in the disome-PE reconstruction this area of density is prolonged toward the 4D), and this clearly is visible in Figure 5A . Correspondingly, subtraction of the monosome-AP density from periphery of the structure (as indicated by the arrow in Figure 4C ). For the reasons discussed in the following, that of the disome-PE should show the E-site tRNA ( Figure 5B ). Here, the situation is by no means as clearwe interpret this extra density in the disome-PE reconstruction as being the E-site tRNA.
cut as that in Figure 5A , but there is a concentration of extra density in the E-site region, as indicated by the To investigate the additional density due to the tRNA molecules more closely, density difference maps were arrows. We interpret the density indicated by the arrows with solid lines as being directly due to the E-site tRNA, prepared between the various reconstructions. Examples of these are shown in Figure 5 , which compares whereas the extra density underneath (marked by the arrow with a broken line) is most likely due to a conforthe disome-PE and monosome-AP structures. Since a P-site tRNA molecule is present in both reconstructions, mational difference in the ribosome between the two respective reconstructions; thus, this lower blue area a subtraction of the disome-PE density from that of Three-dimensional density difference maps between the disome-PE and monosome-AP reconstructions (cf. Figures 4C and 4D , respectively). (A) The disome-PE reconstruction, with the density difference obtained by subtracting the disome-PE from the monosome-AP reconstruction superimposed upon it in blue. The main blue area (arrow) corresponds to the A-site tRNA. The view is from the L7/L12 side of the ribosome (cf. Figure 3C ). (B) The monosome-AP reconstruction, with the density difference obtained by subtracting the monosome-AP from the disome-PE reconstruction superimposed in blue. The arrows with solid lines denote density that we interpret as being directly associated with the E-site tRNA; that with a broken line indicates a probable conformational change in the E-site area (see text for further explanation). The view is from the L1 side of the ribosome (cf. Figure 3A) . Figure 3C ). The 70S disome-PE is shown as a semitransparent envelope, superimposed on a nontransparent silhouette in red of the 30S subunit from a reconstruction of vacant 70S ribosomes (Stark et al., 1995) . Areas of darker red occur where the 30S contour protrudes through the semitransparent 70S contour. Due to the transparent rendering, the hue of the 50S subunit depends on how many "layers" of the envelope are visible at any position; areas within just a few layers take on a progressively more golden appearance. The atomic structure of the P-site tRNA is added in green; here also the color of the tRNA structure changes in those areas lying behind the semitransparent 70S contour. (B) The E-site tRNA. The figure is again a stereo view of the disome-PE preparation, this time viewed from the L1 side of the ribosome (cf. Figure 3A) , and the atomic structure of the E-site tRNA is added in white.
(C) The A-site tRNA. Here the reconstruction is of the 70S monosome-AP carrying A-and P-site tRNAs, and the stereo view is from the L7/ L12 side of the ribosome (cf. Figure 3C ). The atomic structure of the A-site tRNA is added in pale blue. For this figure, and for Figure 7 , the reader is recommended to use a proper stereo viewer.
in Figure 5B represents ribosomal disome-PE density, in this area reveals a shape that could be correlated with the anticodon stem-loop of a tRNA molecule. We which lies higher up in the monosome-AP reconstruction, and, consequently, partially masks the E-site tRNA therefore interpret this as indeed being the E-site tRNA, although other factors, such as an only partial occudensity in the difference map ( Figure 5B ). In the 3-D disome-PE reconstruction (Figure 6B ), the extra density pancy of the E site, or the possible existence of two states for E-site-bound tRNA (Robertson and Win- Figure 6C . As with the E-site tRNA ( Figure 6B ), density corresponding to the whole anticodon arm is directly termeyer, 1987), are likely to play a role here.
An apparently obvious control to gain more informavisible, but here this density is directed toward the decoding area in the neck of the 30S subunit. Once again, tion concerning the E-site region would be to make a 3-D reconstruction from non-salt-washed ribosomes, the acceptor arm of the atomic structure of the tRNA is directed toward the peptidyl transferase region in the such as the 70S peak from the polysome preparation (Figure 1) , or from the tight-couple 70S ribosomes used 50S subunit, although the density in the reconstruction ( Figure 6C ) seems to suggest a less pronounced for preparing the monosome-AP particles (see Experimental Procedures). In a 3-D reconstruction made from L-shape of the tRNA molecule. Further work will be necessary to determine whether the A-site tRNA structure the latter ribosomes, the density corresponding to the A-and P-site tRNAs was, as expected, absent, and is indeed distorted in this manner. The A-site tRNA lies directly under the A-site finger (Figure 3) , which is likely additional density could be observed in the E-site region similar to that in Figure 4D (data not shown). However, to correspond to helix 38 of the 23S RNA; cross-links between the elbow region of the A-site tRNA and helix the reproducible resolution of this reconstruction was considerably lower than that of the disome-PE or of the 38 have recently been described . The position of the P-site tRNA in the monosomemonosome-AP reconstructions, suggesting substantial sample heterogeneity. Thus, it appears that it is the AP reconstruction ( Figure 4D ) is essentially identical to that found in the disome-PE reconstruction. This is illusbinding of the tRNA itself which drives the particles into a homogenous configuration and that, as stressed in trated in Figure 7 , which compares the pre-and posttranslocational states and shows close-up views of the the Introduction, homogeneity is the prerequisite for obtaining a high resolution structure in this approach. In two tRNA molecules in each case.
In the pretranslocational state, it is difficult to display the case of the vacant ribosomes, we have so far found that only those that have been washed with 0.5 M NH 4 Cl the A-and the P-site tRNAs simultaneously, as one or the other is inevitably obscured by parts of the ribosomal (as in Stark et al., 1995) give good reconstructions.
The 3-D locations of the tRNA molecules within the subunits. Accordingly, in Figure 7A the transparency of the 70S contour is enhanced so that both tRNA moledisome-PE and monosome-AP reconstructions are illustrated in Figure 6 . Here, the 30S subunit is shown as an cules can be seen behind the A-site finger density. The two tRNAs (P site, green; A site, pale blue) lie close opaque red object, taken from the reconstruction of the vacant 70S ribosomes (Stark et al., 1995) . The 70S together (cf. Figure 4D) , with an angle of ‫05ف‬Њ between the plane of the molecules. This arrangement is consisribosome from the disome-PE reconstruction is superimposed upon this 30S image as a semitransparent siltent with the one suggested by fluorescence resonance energy transfer results reported previously (Paulsen et houette. The tRNA molecules are depicted as atomic models (Kim et al., 1974; Robertus et al., 1974); they al., 1983) and is very similar to that proposed by Smith and Yarus (1989) . In the view of the posttranslocational were fitted to the electron microscopic contour using the program ERNA-3D . Figure 6A state ( Figure 7B ), some distance separating the anticodon loops of the P-and E-site tRNA molecules (green shows the position of the P-site tRNA. Here, a "knob" of extra density in the disome-PE silhouette can be seen and white, respectively) is apparent. The measured distance between these two tRNA positions, as depicted just above the intersubunit bridge, which corresponds to the central fold of the P-site tRNA molecule. In the in Figure 7B , is 54 Å , which is somewhat larger than the value found from fluorescence resonance energy original horizontal sections of the 3-D reconstruction ( Figure 4C ), there is a thin line of density corresponding transfer measurements (34 Ϯ8 Å , Paulsen and Wintermeyer, 1986) . to the acceptor arm of the tRNA. This density is directed toward the peptidyl transferase area of the 50S subunit and enables us to define the orientation of the tRNA Discussion molecule as shown. This same density ( Figure 4C ) has the concomitant effect of directing the anticodon arm It is generally accepted that the tRNA molecules are of the tRNA into the decoding area in the neck region located in the ribosome with their anticodon loops diof the 30S subunit. In Figure 6A , the lack of density rected toward the 30S subunit and their CCA ends dicorresponding to the anticodon and acceptor arms of rected toward the 50S subunit. Furthermore, the A-site the tRNA-at the chosen threshold level-may reflect tRNA is expected to lie on the L7/L12 side of the ribosome flexibility in the tRNA orientation at the P site, some, with the P site in the middle and the E site close which results in these tRNA features partially being averto the L1 protuberance (Wower et al., 1989; Noller et al. , aged out in the reconstruction. The location of the E-site 1990; Lim et al., 1992) . These criteria provide the basis tRNA is shown in Figure 6B . Here, the density correfor our allocation of the density to the three tRNA binding sponding to the anticodon arm region can be seen disites in the 3-D reconstructions that we have described rectly (cf. Figure 4C) , as can the central fold; this enables here. By comparing the disome-PE and monosome-AP the tRNA molecule to be oriented as shown. The E-site reconstructions both with each other and with the recontRNA thus appears to lie behind the L1 protuberance of struction of vacant ribosomes (Stark et al., 1995) , density the 50S subunit and above the side lobe of the 30S was observed that corresponded to the P and E sites, subunit. As with the P site, the acceptor arm is directed and to the A-and P-site tRNAs, respectively. It would toward the peptidyl transferase area.
be premature at this stage-where the resolution is at The location of the A-site tRNA molecule in the monosome-AP reconstruction (cf. Figure 4D) is illustrated in a level of ‫02ف‬ Å -to try to make more sophisticated site Figure 3C) , with A-and P-site tRNAs (pale blue and green, respectively).
(B) The posttranslocational state, stereo view from the L1 side of the ribosome (cf. Figure 3A) , with P-and E-site tRNAs (green and white, respectively). In both cases the ribosome is tilted slightly so that the view is in toward the decoding center from "above."
allocations, such as to "A/P" and "P/E" hybrid states Rinke-Appel et al., 1995) , however, presented us with the problem that the overall patterns of cross-linking (cf. Moazed and Noller, 1989a) .
In our disome-PE reconstruction, the P-site tRNA is could not be explained in terms of a single configuration of the 70S ribosome. In particular, the P-site-bound positioned with the plane of the molecule approximately vertical (see Figure 6A) . Consequently, the anticodon tRNA showed site-specific cross-linking patterns similar to those of the E-site tRNA, both in helix 23 of the 16S loop points into the region of the neck of the 30S subunit ( Figure 7B ), where the decoding site is generally believed RNA and in the L1 binding region of the 23S RNA. Although, as just discussed, these cross-links agree well to be located (e.g., Gornicki et al., 1984) . Correspondingly, the E-site tRNA is located with its elbow close to with the position of the E-site tRNA in the disome-PE reconstruction ( Figure 6B ), they are clearly not compatithe L1 protuberance of the 50S subunit ( Figure 6B ). This is in good agreement with tRNA footprinting data ble with the corresponding position of the P-site tRNA ( Figure 6A) . A solution to this dilemma has been provided (Moazed and Noller, 1989b ) that indicate contacts of the E-site tRNA to the L1 binding region of the 23S RNA, by a reconstruction of 70S ribosomes programmed with tRNA Met f , which shows that the L1 protuberance and the as well as with results of site-directed cross-linking experiments, suggesting that the elbow of the E-site tRNA 30S side lobe are effectively in contact with the P-site tRNA when only the P site is occupied. This reconstrucis close to the L1 RNA-binding region . The anticodon arm of the E-site tRNA lies tion will be described elsewhere. The reconstruction of the pretranslocational 70S above the side lobe of the 30S subunits, which is again in good agreement with similar site-directed cross-linking monosome-AP carrying tRNAs in both the A and the P sites ( Figures 4D and 6C) shows a configuration similar data from the E-site tRNA to the 3Ј terminus (Wower et al., 1993) and to helix 23 of the 16S RNA (Dö ring et al., to that of the posttranslocational disome-PE ( Figures  6A and 6B ). Thus the transition from the pre-to the 1994; Rinke-Appel et al., 1995) . Current model-building studies locate helix 23 unequivocally in the side lobe of posttranslocational state is apparently not accompanied by any gross morphological change of the 70S the 30S subunit Stark et al., 1995) .
These same cross-linking data (Dö ring et al., 1994; structure. Moreover, the relatively small angle (‫05ف‬Њ) that we observe between the A-and the P-site tRNAs Understanding the Ribosome at High Resolution The 3-D resolutions achievable with the angular re-( Figures 4D and 7A ) agrees well with a number of bioconstitution approach have already reached resolution chemical findings. Fluorescence energy transfer data levels of 10-15 Å for other macromolecular systems indicate a short distance between the elbow regions of (submitted for publication), and no direct theoretical resthe two molecules (Johnson et al., 1982; Paulsen et olution limits for the single particle approach are yet in al., 1983), and the site-directed mutagenesis results of sight (Henderson, 1995) . Cryomicroscopic 3-D reconSmith and Yarus (1989) can only be explained in terms structions of the ribosome in different functional states, of a small angle between the P-and A-site tRNAs. Crossand at increasing levels of resolution, will clearly be links from the elbow regions of A-and P-site-bound helpful in understanding its in vivo functioning. Now that tRNA to 16S and 23S RNA the tRNA molecules can be directly visualized in the also suggest an arrangement in which the two elbows translating ribosome, the role of the tRNA-related bioof the tRNAs lie close together, in the "S" configuration chemical data (tRNA cross-linking [Prince et al., 1982; (Lim et al., 1992) . This arrangement is in agreement with Dö ring et al., 1994; Rinke-Appel et al., 1995] and footthe models discussed by Wower et al. (1989) and Noller printing data ) has become et al. (1990) . In the posttranslocational state, the locadoubly important in the rRNA model-building program. tions of the P-and E-site tRNAs ( Figure 7B ) are such
We are currently incorporating the ribosomal RNA molethat the translocation from the P to the E site also reprecules into our 20 Å 3-D reconstructions. For this pursents a relatively small rotation, combined with a lateral pose, the rRNA must be folded in such a way as to translation toward the L1 protuberance, again in accorsatisfy both the biochemical constraints (cross-links, dance with the model proposed by Noller et al. (1990) .
footprints) and the constraints imposed by the 3-D maps It should be noted, however, that the distance between (cf. Brimacombe, 1995; Stark et al., 1995) . the anticodon loops of the P-and E-site tRNAs (54 Å ) is too large to allow simultaneous codon-anticodon interaction at both the P and E sites (cf. Rheinberger and
Experimental Procedures
Nierhaus, 1986), as shown before, biochemically (Kirillov et al., 1983; Lill and Wintermeyer, 1987) .
Preparation of Disomes-PE in the Posttranslocational State
Polysomes were prepared from E. coli MRE 600 cells by a method While this manuscript was in preparation, an article essentially the same as that of Sirdeshmukh et al. (1985) . After appeared by Agrawal et al. (1996) describing a recongrowing to an absorbance of 0.4-0.5 at 560 nm, the cell culture struction made from E. coli ribosomes programmed with (without chloramphenicol) was quickly chilled over crushed ice and poly(U) and saturating amounts of tRNA Phe . Although this harvested by centrifugation at 2500 ϫ g for 5 min. The cell pellet procedure results in a relatively homogeneous populawas suspended in 20 mM HEPES-KOH (pH 7.9), 6 mM MgCl2, 100 mM NaCl, and 16% sucrose (1 ml buffer per 100 ml of cell culture).
tion containing three tRNA molecules per ribosome
To 1 ml of cell suspension was added 15 l of lysozyme (50 mg/ (Rheinberger et al., 1981) , it does not represent a physioml), and after incubating on ice for 2 min. the mixture was frozen logical situation, since the translating ribosome does at Ϫ80Њ, then thawed and centrifuged at 10,000 rpm for 15 min at not contain more than two molecules of tRNA at any 4Њ to remove cell debris. The clear supernatant was applied to a one time (Gnirke et al., 1989) . This is probably the reason 10%-40% sucrose gradient in 20 mM HEPES-KOH (pH 7.5), 6 mM why the positions of the tRNA molecules inferred by MgCl 2 , 150 mM NH 4 Cl and 4 mM 2-mercaptoethanol, and centrifuged at 13,000 rpm for 19 hr at 4Њ. Gradient fractions containing disomes Agrawal et al. (1996; Brookhaven Protein Data Bank (cf. Figure 1) were pooled, and the disomes pelleted by centrifugatracking number T7700) do not agree with the results tion at 36,000 rpm for 4 hr at 4Њ. The pellet was resuspended in the presented here. Agrawal et al. (1996) place the P-site sucrose gradient buffer, with 10% sucrose, to a concentration of tRNA in a "horizontal" position, rather than in a "vertical"
‫004ف‬ pmol/ml. Aliquots containing ‫01ف‬ pmol of ribosomes were position as in Figure 6A , which forces the anticodon treated with an equimolar amount of EF-G for 10 min at 37Њ, in the presence of 0.1 mM GTP. The activity of the EF-G preparation was loop (and hence the decoding site) into an implausible tested using radioactive substrates, as described by Dontsova et location on the side of the 30S subunit facing the L7/ al. (1992).
L12 protuberance (cf. Figure 3) . The orientation they propose for the E-site tRNA represents a rotation of 145Њ that the 3Ј-terminal adenosine of the tRNA is essential of 1 mM GTP, 50 mM Tris-HCl (pH 7.5), 70 mM NH4Cl, 30 mM KCl, and 7 mM MgCl 2. Initiation factors were included at final concentrafor E-site binding (Lill et al., 1988) . The location proposed by Agrawal et al. (1996) for the A-site tRNA also implies complex containing Phe-tRNA Phe , a mixture containing 0.5 M EFa large rotation (160Њ) from the P site, again in conflict
Tu and EF-Ts, 3 mM phosphoenol pyruvate, 0.1 mg/ml pyruvate with previous data that, as discussed above, suggest kinase, 1 mM GTP, 50 mM Tris-HCl (pH 7.5), 70 mM NH4Cl, 30 mM that only a small angle exists between the P-and A-site KCl and 7 mM MgCl2 was preincubated for 15 min at 37Њ, then 160 pmoles of 14 C-Phe-tRNA Phe (Rodnina and Wintermeyer, 1995) was molecules. More serious than the large angle as such added to give a total volume of 80 l. Incubation was continued for 3 is the fact that the 160Њ rotation they propose for the min at 20Њ, after which the mixture was combined with the ribosomal translocation from the A to the P site is topologically mRNA.
